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Recently, high aspect ratio materials like nanofibers with outstanding mechanical properties have been devel-
oped and used to improve the mechanical characteristics of construction materials. However, despite the
excellent results obtained in asphalt binder modification, only a few types of polymeric nanofibers have been
used for this purpose. In this sense, polyacrylonitrile has good thermal and mechanical characteristics to
maintain the shape at the typical temperatures the asphalt is heated.

This study evaluates the effect of electrospun polyacrylonitrile (PAN) nanofibers on the rutting resistance and
fatigue parameters of asphalt binders. For this, fibers with an average diameter of 1.3 um were prepared and
randomly dispersed into neat PG 64-22 asphalt binder. Subsequently, a dynamic shear rheometer (DSR) was
used to determine G*/sin &, Jn;, R3.2, and Ny

In the range studied, Jnrs 2 showed a reduction of up to 35%, and the elastic recovery increased up to 4.5 times
compared to the reference material. It was observed that the PAN nanofibers increased the fatigue resistance of
asphalt binder at temperatures when the material is predominantly viscoelastic. These results show a promising

new application of PAN nanofibers to improve the performance of asphalt pavements.

1. Introduction

Asphalt concrete is a versatile construction material prepared with
asphalt binder and mineral aggregate. It is flexible, impervious, and can
withstand the loads imposed by road traffic. However, it can present
problems such as moisture damage, rutting, thermal and fatigue
cracking [1-3]. On the other hand, traffic conditions have provoked
increasing loads, which demands better performance characteristics of
the binders to minimize these problems [4-7]. For this, material modi-
fication has been an alternative, primarily with polymers. This proced-
ure is performed when a material is incorporated into asphalt binder via
mechanical mixing or chemical reactions [8,9]. However, high amounts
of modifying agents are usually required to obtain satisfactory results,
which can significantly increase costs [10-12]. In the paving industry,
two types of polymers are primarily used: plastomers and elastomers.
Plastomers generally consist of ethylene vinyl acetate (EVA) [11-13]
copolymers, and the best-known thermoplastic elastomer is

* Corresponding authors.

styrene-butadiene-styrene (SBS) [14-16]. For this, 2-10% by weight
polymer contents have been used to achieve adequate performance.
However, other researchers reported that this content could attain a
value of up to 25% in waterproofing membranes when the polymer is
low-cost [13].

Recently, other alternatives for asphalt binder modification have
been studied in which substantially lower amounts of modifying agents
are used, i.e., nanomaterials [14]. These include nanofibers, generally
defined as fibers with a diameter of less than one pm [15]. Because the
diameter of the nanofibers is substantially smaller than the average
asphalt film thickness in the mixtures (-8-10.5 pm) [16-19], they are
considered a modifier. In contrast, regular fibers are another ingredient
of the mixture and act as a reinforcement. For instance, Khattak et al.
[20] used carbon nanofibers 60-150 nm in diameter and 30-100 pm in
length to modify a neat asphalt binder. They determined that both
rutting resistance and fatigue life improved after adding 2% nanofibers
by weight. Yao et al. [21] improved rutting resistance by adding
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Table 1
Physical characteristics of the neat asphalt binder from the Mexican refinery of
Tula.

Physical property and standard procedure Result
Superpave designation, ASTM D6373-21a [29] PG 64-22
Density, ASTM D70-18a [30] 1030 kg/m>
Viscosity at 135 °C, ASTM D4402/D4402M-15 °C [31] 0.444 Pa.s
Viscosity at 165 °C, ASTM D4402/D4402M-15 [31] 0.118 Pa.s
Complex modulus at 64 °C, ASTM D7175 [32] 6707 Pa
Phase angle at 64 °C, ASTM D7175 [32] 78.5°

microfibers 3 mm in length and 18 pm in diameter, with 2% and 4% by
weight. Arabani and Shabani [22] evaluated the effect of ceramic fibers
with 2.5-3 pm in diameter and 20 mm in length on asphalt binder
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modification. They found that the rutting resistance increased, although
these fibers were not adequate under low-temperature conditions.

It is clear that fibrous materials improve the mechanical character-
istics of asphalt binders. On the other hand, it is important to note that
the greater the surface area of the material, the better the physical and
mechanical interactions [23]. Therefore, nanofibers have been studied
in the literature as an asphalt binder modifier, including cellulose and
carbon nanofibers [24,25].

When exploring new applications of polymeric nanofibers in asphalt
binder modification, it is essential to know the physical characteristics of
the polymer in advance to optimize its performance with the least
amount of fibers. PAN exhibits good thermal and mechanical charac-
teristics for use as nanofiber in asphalt binder modification because the
melting temperature is above the typical temperatures at which asphalt

Dry and separated
nanofibers

Prepared asphalt

Speed: 16,000 rpm
Time: 10 min.

Fig. 1. Dispersion of PAN nanofibers into asphalt binder.
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Fig. 2. Stress and strain patterns of asphalt binder in MSCR test.
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Table 2
Equations of the LAS method [47].

Equation Symbol and description
Nf = A(max) ® Nj= Fatigue performance
f(D f)k parameter
= k(#C1C2)" A,B = Parameters for the asphalt
k=1+(1-C)a binder fatigue performance
Co— o\ Yo Ymax= Maximum strain,%
Dy = (%) f =loading frequency, Hz
*1 Dy=D(t) at peak stress
Ct) = IlGGﬂ Gy, Cy= curve-fit coefficients
lnil Cp= C at peak stress
C(t) = Co— C1 (D) Co=1
t= testing time, s
D(t) = D(t)= damage accumulation

a 1
S m(Ci — L+ a6 — )1 +a
logG (@) = mlogw+ b
a=1/m
G(w) = |G*|(w) x cosd(w)

a,m,b= best-fit straight-line
parameters

w= angular frequency, rad/s
|G*|(w)= dynamic modulus, MPa
S(w)= phase angle, rad

G (w)= storage modulus, MPa

is mixed and compacted in the field [26,27].

This study presents a new application of PAN nanofibers to asphalt
binder modification. These nanostructures were prepared by the elec-
trospinning technique (electrospun nanofibers) and later dispersed, in
contents of 0.0, 0.1, 0.2, and 0.5 wt.%, into a material that did not
comply with the specification for asphalt binders graded using multiple
stress creep recovery (MSCR) [28]. Subsequently, the performance pa-
rameters G*/sin 8, creep compliance, elastic recovery, and the number of
cycles at failure were evaluated to the PAN nanofibers modified asphalt
binder (PNMAB). The preparation satisfied the requirements for stan-
dard traffic after adding only 0.2% nanofibers, while the fatigue resis-
tance also improved.

2. Experimental
2.1. Materials

To synthesize the nanofibers, PAN (Mw=150,000 g/mol, Sigma
Aldrich) and N,N-dimethylformamide (DMF, 99.85% purity, CTR Sci-
entific) were used. Ethanol (99% purity) was used to disperse the
nanofibers into a liquid medium and cut them. The asphalt binder was
PG 64-22 sourced from the Tula refinery in Mexico. The physical
characteristics of the binder are outlined in Table 1.

2.2. Preparation and dispersion of the PAN nanofibers

PAN nanofibers were synthesized using the electrospinning method

Weight loss (%)
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described by Chinchillas et al. [26]. To obtain short and randomly ori-
ented nanofibers from the continuous material, they were dispersed into
a liquid medium. Ethanol was used for this purpose because it does not
dissolve PAN and it has a high evaporation ratio.

First, the PAN nanofibers (2 g) were weighed and then added to a
beaker. Subsequently, ethanol (40 ml) was poured, and the dispersion
process was carried out using a high shear device (DLAB p-500) at
10,000 rpm for 10 min. Thereafter, ethanol was allowed to evaporate at
room temperature and pressure for approximately 12 h. The next step
involved the addition of PAN nanofibers (short and dry) to the asphalt
binder. In this process, the asphalt binder was heated to 160 °C to reduce
its viscosity, and the nanofibers were added to the liquid asphalt binder.

Finally, the nanofibers were dispersed into the asphalt binder using
the same homogenizer previously used at the same speed for 4 min. The
nanofiber contents used to prepare the mixtures were 0.1, 0.2, and 0.5%
wt, similar to those used by Chinchillas in investigations carried out with
these nanofibers in cementitious materials [33,34]. Fig. 1 graphically
shows the process of addition and dispersion of PAN nanofibers to the
asphalt binder. Initially, the process of dispersing and cutting the
nanofibers was attempted directly in liquid asphalt binder at 160 °C.
However, the viscosity of the asphalt binder is still high at this tem-
perature compared to the viscosity of ethanol; therefore, the high shear
device was unable to cut the nanofibers and only caused them to coil on
its rod.

2.3. Evaluation of the rutting parameters

In this study, the rutting resistance was investigated by simulating
the conditions of the material during asphalt mixture production and
laydown, that is, after short-term aging. In this sense, the G*/sin § and
MSCR values were obtained after running the rolling thin-film oven
(RTFO) tests on asphalt binders according to the AASHTO T 240 test
method [35].

2.3.1. G*/sin é
Report SHRP-A-410 [36] indicates that the performance grade (PG)

Table 3

Physicochemical properties of PAN nanofibers.
Property Result
Color White
Average diameter 1.3 ym
Morphology Homogeneous
Hardness 0.49 GPa
Elastic modulus 2.49 GPa
Glass transition point 107 °C
Melting point 287 °C
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Fig. 3. Micrographs and thermogravimetric analysis (TGA) of PAN nanofibers.
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Fig. 5. Specification of G*/sin § (2.2 kPa) as a function of nanofibers content.

of an asphalt binder is designated as PG XX-YY, where XX is the
maximum design temperature and YY is the minimum, in °C. Both
denote the average temperatures of seven consecutive days with the
highest and lowest values, respectively. XX was established using
SUPERPAVE based on the rutting resistance of the asphalt binder.

The ASTM D6373 specification designates grades from PG 46-YY to
PG 82-YY [37]. For this purpose, the SUPERPAVE methodology uses the
maximum dissipated energy per loading cycle, W;. The formula for this
calculation is expressed in Eq. (1), where 1 is the maximum shear stress
applied, G* is the complex modulus, and § is the phase angle. The term
G*/sin 6, established in the ASTM and AASHTO standards, originates
from Eq. (1) [38-40].

1

G* [siné M

Wi=n ré

G*/sin § is among the first parameters used in a DSR to characterize
rutting resistance [41].

In this study, to obtain G* and 6, the procedure described in AASHTO
T315 was performed using DSR [40]. Specimens with a diameter of 25
mm and a height of 1 mm were prepared using a silicone mold. Further,
using DSR, strain-controlled sinusoidal loads were applied to the sam-
ples. The angular frequency and strain were 10 rad/s (1.59 Hz) and 10%,
respectively.

The temperature was set at 60 °C before performing the DSR test on
each specimen. The process of loading and data recording was repeated

with temperature increments of 6 °C. The test was stopped when G*/sin
6 was less than 2.2 kPa. At this stress, the asphalt binder no longer
exhibited good performance with the temperature applied to the spec-
imens aged by RTFO.

2.3.2. MSCR

Dongré and D’Angelo reported results measured on test roads, where
the rut depth was not consistent with the expected values according to
G*/sin §. For instance, they analyzed the measurements obtained from
two test roads, one composed of unmodified PG 67-22 and another of
polymer-modified PG 63-22 asphalt binder. In contrast to expectations,
pavements made with PG 67-22 asphalt binder exhibited a 15 mm rut
depth, and those with PG 63-22 exhibited no rut [42].

In 2003, Delgadillo et al. proposed to change G*/sin § for another
parameter named viscous component of the creep stiffness G,, as it showed
a good correlation with rutting [43]. D’Angelo correlated the results of
multi-stress creep recovery (MSCR) with rut depth. Subsequently, the
MSCR results began to be considered as a replacement of the current
G*/sin § by Jpr, which correlates much better with rut depth, with R?
values of 0.8167 and 0.223 [44].

Before conducting the MSCR tests, the short-term aging process of
asphalt binder was simulated using an RTFO [45]. A silicone mold was
used to prepare specimens with a diameter of 25 mm and a height of 2
mm. Two stress levels and two temperatures were used to determine the
elastic response and creep recovery of asphalt binder; that is, stresses of
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Fig. 6. Results of multiple stress creep recovery (MSCR) tests.
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Fig. 7. Creep compliance as a function of the content of PAN nanofibers in asphalt binder.

0.1 and 3.2 kPa, and temperatures 64 and 70 °C. These stresses were
maintained for 1.0 s and then removed for 9.0 s. In each test, 10 cycles
were applied for 100 s of total [46]. Fig. 2 shows a graph of the applied
and recorded stress and strain patterns.

The initial strain was recorded at the beginning of the creep portion
(e0), at the end of the creep portion (after 1 s, ¢.), and at end of the 10 s
period of each cycle (¢,). The portion of recovered strain is denoted by
E10=€r — €0-

g =510 ¢ 100 @
&

Following 10 cycles of stress T, the elastic recovery (R) and creep

compliance (J,;) were calculated using Eqs. (3) and (4), respectively.

10

R 2n-iEr
10 @

~ Yowi(€10/70)
T Q)

2.4. Evaluation of the fatigue life

To evaluate the fatigue life of neat asphalt binder and of the asphalt
binder modified with PAN nanofibers after RTFO and pressure aging
vessel (PAV) aging, linear amplitude sweep (LAS) was used according to
AASHTO TP 101[47] through a DSR using binder samples 8 mm in
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diameter.

In these tests, a frequency sweep was carried out from 0.2 to 30 Hz at
a strain of 0.1% and later an amplitude sweep from 0 to 30%, keeping
the frequency constant at 10 Hz. Finally, the coefficients A and B were
obtained to determine the fatigue parameter, Ny, using the equations of
Table 2.

Regarding the temperatures at which the fatigue life of the asphalt
binder is evaluated, Kuchiishi et al. [48] discussed that the range most
used in different investigations lay between 10 and 30 °C. In this study,
the test temperatures started from 10 °C and increased until a change in
the asphalt binder response was observed, as detailed in the next section.
Thus, the test temperatures were 10, 20, 25, and 40 °C.

3. Results and discussion
3.1. Characterization of the PAN nanofibers

The PAN nanofiber morphology was analyzed employing scanning
electron microscopy. The membrane-shaped nanofibers are shown in
Fig. 3. The observed morphology was uniform, continuous, unattached,
and with diameter ranging from 0.9 to 1.6 ym (1.3 pm average).

Furthermore, the thermal properties of the PAN nanofibers were
evaluated using the thermogravimetric analyzer SBT model U600 in a
nitrogen environment with temperature increments of 10 °C/min up to
800 °C. The results obtained indicate the desorption of water up to
120 °C (Zone 1), a negligible weight loss as a product of the cyclization

process at a temperature of 120 to 280 °C (Zone 2) [49], a weight loss
that reflects a dehydrogenation (Zone 3) [50], and a final stage that
exhibits the degradation of the material in pure carbon structures (Zone
4). The greatest weight loss was observed at approximately 275 °C,
which corresponds to the melting point (T;,) of PAN. These results are
consistent with other investigations found in the literature [51] and
demonstrate the feasibility of using PAN nanofibers to reinforce and
improve asphalt concrete because mixing and compaction temperatures
of asphalt usually do not exceed 185 °C, even on modified asphalt biders
[52,53].

The cylindrical structure of the material is maintained for the tem-
peratures mentioned above and up to almost 300 °C of the melting point;
that is, it is well above the mixing and compaction temperatures of
asphalt concrete. Finally, Table 3 presents some of the physicochemical
properties of the PAN nanofibers used in this research.

3.2. Effect of the PAN nanofibers on the rutting response

It is evident that the values of G*/sin 5 shown in Fig. 4 tend to in-
crease as a function of the PAN nanofiber content. To measure the
improvement in the rutting resistance induced by these additions, it is
possible to use the methods ASTM D6373 and AASHTO M320 [38,39],
where a threshold of 2.2 kPa was established to determine the perfor-
mance grade (PG) of the asphalt binder after short-term aging using an
RTFO described in AASHTO T240 and ASTM D2872 [35,45].

Fig. 5 shows the line of best fit for the temperature when 2.2 kPa of
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G*/sin § were obtained as a function of PAN nanofibers content. This line
presents a slope of 5.5 °C/% in the range of nanofiber content analyzed.

All measurements of rutting resistance made on the PNMAB showed
an improvement. For instance, the test conducted at 64 °C and 0.1 kPa
yielded a final cumulative strain of 140.2% for the neat asphalt binder,
whereas the asphalt binder with 0.5% of nanofiber content reduced this
cumulative strain up to 82.3% (see Fig. 6a). Moreover, this behavior was
consistent for all MSCR tests. Figs. 6a to 6d show these results for tem-
peratures of 64 and 70 °C, and the two stress levels established by
AASHTO TP70 [46].

Fig. 7 shows the manner in which the creep compliance tends to
decrease with an increase in the nanofiber content. For the temperature
of 70 °C, Jnrs » decreased from 11.6 to 7.6 kPa’l, indicating a reduction
of 35%. In a similar manner, Jnrs» at 64 °C, passed from 4.8 kPa~! for
neat asphalt binder to 3.1 kPa~! upon addition of a content with 0.5% by
weight of binder. Compared to the neat asphalt, the elastic recovery
increased 2.5 times and 4.7 times for the temperatures of 64 and 70 °C,
respectively (see Fig. 8).

The results demonstrate a significant enhancement in the rutting
resistance of asphalt binder through the incorporation of PAN nano-
fibers. This improvement can be attributed to the high surface area of
these nanofibers, which promotes strong interactions between the

nanostructure and the matrix. As a result, the asphalt binder exhibits an
elastic recovery effect that consistently displays a positive trend within
the explored range.

The neat asphalt binder used in this investigation did not satisfy the
specification AASHTO MP19-10 for any of the traffic levels [28]. The
standard traffic level (S) specifies that the asphalt binder must have a
Jnrs 5 of 4 kPa ! or less, while this asphalt binder exhibited 4.77 kPa L.
Moreover, this parameter showed a consistent tendency to decrease with
an increase in the PAN nanofiber content, and with only 0.2% by weight,
the parameter complied with the specification (See Fig. 9).

3.3. Fatigue life

For the temperatures of 10, 20 and 25 °C, the fatigue life of the
asphalt binder increased as a function of the PAN nanofibers content, i.
e., the position of all the curves in Fig. 10 was above than those of M-0.0
specimens. However, when analyzing Fig. 10d, it is clear that PAN
nanofibers have no effect on fatigue life when applying a temperature of
40 °C.

There are different criteria to compare the fatigue life of asphalt
binder from LAS test results, among which the stored pseudostrain en-
ergy (PSE) [54], the fatigue area factor (FAF), and Ny at 2.5% strain
(Nf2.59) stand out [48,55,56]. The latter has gained popularity among
researchers because it is considered an adequate deformation to
compare the fatigue life of asphalt binders [48,57-59]. The results of
Nfs 504 of the asphalt binder evaluated in this study are shown in Fig. 11.
The analyses began with a temperature of 10 °C, where Ng; 59, was 20,
000 for the neat asphalt binder and gradually increased to 150,000 for
the asphalt binder modified with 0.5% of PAN nanofibers. A similar
effect was observed with 20 and 25 °C of temperatures. However, when
analyzing the results obtained at 40 °C, no significant change was
observed in the fatigue life of the neat asphalt binder compared to the
PNMAB, regardless of the content used. Next, we propose a mechanism
explaining why this occurs in asphalt binder at this temperature level.

A pure elastic material shows a 0° phase angle, while the phase angle
of a pure viscous material is 90° In this sense, some authors classify the
mechanical response of asphalt binder in tree viscoelastic ranges:
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Fig. 12. (a) Phase angle of PNMAB as a function of temperature and (b) the mechanism of influence of cohesive and adhesive forces in fatigue life.

dominantly elastic where the phase angle is less than 5°, viscoelastic
with phase angles between 5° and 45°, and dominantly viscous for phase
angles higher than 45° [60,61].

With the asphalt binders prepared with the nanofiber contents of this
study, we can observe in Fig. 12a that the threshold that separates the
viscoelastic from the dominantly viscous behavior ranges from 24.5 to
29.1 °C, i.e., for temperatures higher than these, the dominant behavior
was viscous. At working temperatures of asphalt binder, cohesion and
adhesion decreases as temperature increases [62], and these forces
directly influence fatigue resistance [63]. This is explained in Fig. 12b,
where we can observe that when the asphalt binder was tested at tem-
peratures below this threshold, the cohesive and adhesive forces domi-
nated, and the PAN nanofibers had important effect on the fatigue
resistance of asphalt binder. On the other hand, when the asphalt binder
was tested at a higher temperature, the forces that dominated were the
shear forces, and the fibers did not provide more fatigue life (See
Fig. 12).

4. Conclusions

PAN nanofibers were electrospun and added to neat Mexican asphalt
in small amounts compared to the typical polymer contents added with
other techniques, although the performance achieved was satisfactory.
In the range of 0-0.5% of PAN nanofibers by weight, a steady increase in
the parameter established by SUPERPAVE to characterize rutting resis-
tance was recorded. The rate of change in temperature as a function of
nanofibers content, when G*/sin 6 reached 2.2 kPa, was 5.5 °C/%.

Further, the results of the MSCR tests showed better mechanical
characteristics of the asphalt binder, that is, creep compliance decreased
and elastic recovery increased. Specifically, the neat asphalt binder did
not satisfy the requirements of standard grade, but when containing only
0.2% nanofibers by weight of asphalt binder, it did.

PAN nanofibers have an important effect on the fatigue resistance of
PNMAB at temperatures when the viscoelastic effect domains. However,
when temperature increases to a dominantly viscous behavior, the PAN
nanofibers do not affect fatigue parameter Ny.

These results present PAN nanofibers as an alternative for improving
the rheological characteristics of asphalt binders.
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